Abstract
II. THEORETICAL MODEL "! ! #! A. Method and hypotheses $!
The general setup of a line-focus transducer sketched in Fig. 1a , represents a cut perpendicular to the %! generatrix of the cylindrical transducer, which is machined to form a line-focus. We suppose that all the &! points of the radiating surface vibrate in phase and have uniform amplitude of particle velocity. The half '! aperture # has to be large enough to be able to excite leaky Rayleigh waves in most solids. The distance (! between the water-specimen interface and the focal plane is denoted z. By convention, the focal position )! corresponds to z=0, and the displacement of the specimen away from the transducer is taken as positive.
*!
We assume that the specimen is a solid plane reflector and also assume that the coupling fluid (pure "+! water) is ideal. Finally, the radiation of the acoustic waves will be expressed by using the angular ""! spectrum approach. 
"'! "(!
This formulation is valid for plane waves and is applicable for a wide aperture angle transducer ")! relying on the fact the secondary diffraction due to the curvature of the wavefront can be ignored when "*! the size of the source is large in comparison to the wavelength, and when the transducer works in #+! pulse-echo mode. 16 The short wavelength requirement is easily satisfied since the interest is not put on #"! very low frequencies for which efficient focusing cannot be realized. () x Rk is the reflection coefficient of the
fluid-loaded specimen, L 1 (k x ) is the angular spectrum of the incident wave field at the focal plane and #*! L 2 (k x ) is the response of the transducer when a plane wave of unit amplitude and wave vector (k x , k z ) is $+! insonifying the lens. The expressions of these characteristic functions of the acoustic lens can be found in "! Ref. 11 and are not transcribed here. Knowing that in our line-focus transducer, made of polyvinylidene #! fluoride (PVDF), is directly machined to form a line-focus transducer (Fig. 1b) 
where ! is the incident angle on the specimen and # is the half aperture of the transducer. (! )! C. Derivation of the reflection coefficient for a multilayered system *! For a multilayered (N-layer) system bounded onto a substrate, we assume an ultrasonic incident "+! wave in a fluid as shown in Fig. 2 . 
U T
, where and U is the "#! general displacement vector and T is the general stress on the x-y plane, is represented by a system of "$! differential equations: 
)! where h = z 1 -z 0 , is the thickness of the layer. *! For a multilayer medium, the transfer matrix of the nth layer satisfies:
The total transfer matrix B relates the state vector at the bottom to the one at the top surface of the "#! layered coating as follows:
Hence, B total is expressed by the product of the transfer matrix B n of each layer as:
It is worth mentioning that as the layer thickness increase, the transfer matrix B(n) in Eq. (7 (i,j=1,2) are the 33 submatrices of the transfer matrix of the nth layer B(n). Then, the total #"! stiffness matrix from the bottom to the top of the layer is obtained by using a recursive algorithm as: ##! "+! For a substrate with a semi-infinite depth, we assume that there is no reflection from the bottom of the ""! substrate. Thus, the state vector at the top surface of the substrate can be rearranged as:
where, T 1 , T 2 and T 3 are the amplitudes of the longitudinal and the two transversal waves transmitted in "'! the substrate (as illustrated in Fig. 2 ) respectively. Then, we obtain: 
where R is the reflection coefficient and A in is the incident acoustic amplitude and the matrix M is ##! defined by:
Finally, by choosing the incident wave amplitude A in as unity, the linear equation of Eq. (17) is solved #! using Cramer's rule, and the obtained reflection coefficient is: 
#+!
One can note that setting Q = 0 in Eq. (21) excludes the effects of the fluid loading and thus identifies the #"! free wave modes.
30,37
##! For a given frequency, the reflection coefficient is a function of the incident angle !. When the #$! incident angle ! passes a critical angle ! cr , the reflection coefficient undergoes a -2% phase shift and its #%! real part undergoes a jump, which identifies a wave mode. The phase velocity is calculated according to #&! Snell's law at the critical angle:
(22) #(! In order to carry out the parametrical study and to estimate the possible SAW wave modes, we #)! calculated the reflection coefficient for different thicknesses of a 22-type Hastelloy coating on a 304-type #*! austenitic stainless steel substrate at different frequencies using Eq. (19). The dispersion curve and the $+! corresponding reflection coefficient are presented in Fig. 3 . $"! Fig. 3(a) shows that surface acoustic wave (SAW) with identity reflection coefficient exists all over Rayleigh wave velocity of the layer at high f"d, which is slightly below the shear velocity of the layer V S . (! Still higher wave modes propagate at velocities higher than the longitudinal velocity of the layer. These )! generalized Lamb wave modes appear after certain cut-off frequency thickness product with decreasing *! phase velocity except some small fluctuation and they have smaller reflection coefficients. The same "+! authors 38 demonstrated that these kinds of waves could also be picked up by line-focus microscopy as ""! their reflection coefficients reach a higher level. In this study, the operating frequency of the transducer is "#! in the range of 0 to 20 MHz, with a coating layer thickness around 200 µm, which gives a f"d range of 0 "$! to 4 MHzmm. This guarantees that the transducer picks up the true SAW wave. 
III. EXPERIMENTAL SETUP #"!
A schematic of our experimental setup is shown in Fig. 1b . The line-focus ultrasonic transducer was ##! designed and constructed in our laboratory. 16 The piezoelectric element is a Polyvinylidene fluoride #$! (PVDF) material, coated with a thin layer of gold. By a proper choice of the damping material for the #%! backing, this transducer behaves as a broadband device. The radius of curvature of the transducer is 8 #&! mm. The half-aperture angle is 36°, which is large enough for the generation of Rayleigh waves on most #'! of the usual solids. #(! The transducer is connected to a commercially available pulse generator (33250A function/arbitrary #)! waveform generator, Agilent Technologies, Inc.) by a preamplifier working in pulse-echo mode. In these #*! conditions, it is possible to operate with transient signals whose frequency content extends from 5 to $+! several tens of MHz. A digital oscilloscope (Tektronix TDS3012B), together with a personal computer, $"! is used to record and process the time signals. The specimen is immerged in water whose temperature $#! was well controlled by a thermal monitor with a constant temperature of 25 °. a multilayered system on substrate, which will be presented in details in Sec. IV.B. The properties of the *! materials numerically investigated in this article are listed in Table I . 
"#! "$!
In order to study the coating thickness sensitivity, V(z) curves of different coating thickness are "%! presented in Fig. 7 . The curves of the bulk Hastelloy and the 304 stainless steel as substrates (without "&! coatings) are also presented and compared. It is observed that the V(z) curved of the coated material "'! varied between the boundary formed by the V(z) curved of the bulk 304 stainless steel (V s (z)) and bulk "(! Hastelloy C22 coating (V c (z)) as substrates. This is because that for coating of very small thickness the ")! properties of the substrate dominate the measured acoustic signals and the measured V(z) curve behaves "*! like the one of the bulk substrate, i.e., V s (z). As the thickness of the coating increase, the properties of the #+! coating begin to dominate the reflected acoustic signals and the V(z) curve is similar to the one of the #"! bulk coating material, i.e., V c (z). It is also shown that the V(z) curve of the coating thickness of 170 µm is ##! the most discriminative compared to the curves of both are almost insensitive to the variation of Poisson ratio. In addition, both Fig. 7 and Fig. 8 show that that "+! V(z) curves show little difference between materials of different coating thickness in the range of z>0. ""! This phenomena has its roots in the effect of geometric-related waves at positive defocus (z>0) and thus "#! in this range the V(z) curves are dominated by the geometric properties of the transducer and the coupling "$! fluid. 16 Therefore, the focus will thereafter be put on the negative defocus (z<0), i.e., the left parts of the "%! V(z) curves, for the analysis of the properties of the materials under evaluation. 
#"!

C. Data inversion and coating thickness measurement "!
For layered system on substrate, a 22-type Hastelloy coating thermally sprayed on a substrate of #! 304-type austenitic stainless steel is investigated. The surface of the substrate has been shot-peened to $! increase the adhesion of the coating. Various coating thickness ranging from 100 to 400 µm have been %! tested. Every sample was slightly polished in order to eliminate the effect of the roughness of the coating.
&!
The measured V(z) curves are functions of the parameters of the transducer (focal length, aperture '! angle), the properties of the material such as elastic tensor elements C ijkl , density &, coating thickness d, (! and the applied frequency f as well as the properties of the coupling fluid. The bounding condition of the )! coating and the substrate also affect the measured V(z) curves, but in this article perfect interfacial *! conditions were considered. For a fixed transducer and coupling fluid, the V(z) curves vary as the coating "+! properties and thickness change. The objective of the data inversion is to determine features of the ""! assumed isotropic thermal sprayed 22-type Hastelloy coatings, e.g., Young's modulus E, Poisson's ratio "#! (, and the coating thickness d. "$! Fig. 9 shows the experimental and the optimized V(z) curves of coated materials with different "%! coating thickness at 6 MHz. These measurements were done on one specimen, for which the coating "&! thicknesses was reduced step by step by polishing after each V(z) measurement. Again, one observe that "'! the V(z) curves are sensitive to the coating thickness, but trends versus coating thickness are different "(! compared to Fig. 7 . This can be explained by variation of coating properties along the depth of the ")! coatings, i.e., the properties of the coatings are functions of coating depth. An reverse analysis (or "*! optimization process) was carried out to fit the V(z) curves and to obtain the coating parameters such as #+! coating thickness d, the average (or mean) value of Young's modulus E within the "remaining thickness #"! of the coating", density & and Poisson ratio (. Trial values were set into the V(z) model and a hybrid ##! minimization method using genetic algorithm coupled with a constrained minimum search function was #$! used to find a set of values of the unknowns that minimizes the deviation between calculated and #%! measured velocities. The deviation function to be minimized is defined as: 
$+!
During the data inversion process the Poisson ratio and the density are assume to be constant since "! V(z) curve is not sensitive to Poisson ratio as illustrated in Sec. IV.B and the V(z) curves are measured on #! one sample. To our knowledge, according to the conditions of the thermal spraying process, no variation $! of density is expected within the coating. By this minimization process, the coating thickness and %! average Young's modulus E are obtained and the results are plotted in Fig. 10 . To your opinion, &! these results are unique in the sense that no other combination of coating thickness and Young's modulus '! fits the experimental results. In Fig. 10 , an excellent agreement is observed between the coating thickness (! estimated by reverse analysis of V(z) curve and actual coating thickness measured using a micrometer )! caliper. As the estimated thickness is 100% correlated to the actual thickness, we do not fear any *! compensation effects between the variations of thickness and average Young's modulus, what indicates "+! that V(z) measurement is a powerful tool to evaluate the elastic properties of the coatings. Previous work has already shown that V(z) measurement can be used to measure the elastic ")! constants of thin films. [9] [10] 40 But for thick thermal sprayed coating on a substrate, the adaptability of "*! acoustic microscopy is still less studied not only because of the numerical instability 11, 20, 25, 27 during the #+! reverse analysis of V(z) curves but also due to the fact that it lacks a powerful numerical tool to deal with #"! the coating of which the properties change along the depth of the thickness. To solve the numerical ##! instability problem, we propose to apply a hybrid method which combines the Stroh formalism and the #$! Recursive Stiffness Matrix method 27 as described in Sec. II.C and IV.B. For the latter, thick layer with #%! varying properties can either be dealt with a multilayered model by dividing it into several homogeneous #&! thin layers or by treating it as a functionally graded material (FGM). These sub-divided homogeneous #'! multilayers can be an asymptotic solution to approximate the real material properties, and the more #(! number of sub-divided multilayers is divided the more precise the approximation will be. The number of #)! layers could be properly chosen in order to obtain a compromise between the approximation precision #*! and the numerical efficiency. Nevertheless, this multilayer method can be an effective solution compared "! to an exact functionally graded description method. 36 In this paper, we aim at evaluating the variation of #! the elastic property in the coating, ab initio or as a result of degradation. Since FGM properties are often $! described by exponential functions. 28, 36 we also use the following model: shown in Fig. 10 indicates that the only possibility for the proposed E(z) expression Eq. (25) is to have a "+! positive value of ). A V(z) optimization process was performed to obtain the exponential index of the ""! previously described specimen, which is found to be a functionally graded material along the depth of the "#! coating. The value of the exponential rate that offers the best fit between the measured and modeled "$! coating by applying a one-layer on substrate model described in Sec. IV.C. Then, for a V(z) curve with a #+! coating thickness of h, the profile E(z) can be derived from the average Young's modulus #"! () Eh according to:
The first option we chose to retrieve E(h) without any a priori was to conduct a back-sweep #%! iteration process in order to evaluate the E(z) in the coating. First the 15 evaluated average Young's #&! modulus () Eh as a function of coating thickness h were fitted using an exponential curve, then E(z) #'! was calculated by a back sweep iteration as: 
where h is the thickness of the coating after each etching step; H is 300 µm (the total thickness of the "#! original coating) and *E=E(H)-E(0). The Young's modulus at the bottom of the coating E(0) and can be "$! reasonably approximated by the value of () Eh after the 15 th etching step, since the remaining coating "%! thickness is about 20 µm. One can see that there are two remaining parameters to be determined in Eq. "&! (28): ) and *E. A data reversion process was conducted applying Eq. (28) in a MatLab curve-fitting "'! program using the measured 15 pairs of () Eh and h values. The two obtained parameters were )=5.28
"(! and *E=140GPa, which were used in the computation of the E(h) profile shown in Fig. 12 by the curve ")! with diamond markers. "*! 
V. CONCLUSION '!
A model of line-focus microscopy has been derived by angular spectrum approach. Using this (! model, we studied V(z) curves of a thermal sprayed coating on substrate in order to evaluated its elastic )!
properties.
*!
The reflection coefficient for multilayered coatings on a substrate, with fluid loading of the "+! coating's surface, is an integral part of the V(z) measurement model for a line-focus acoustic microscope.
""!
We used a model of multilayered coatings with graded properties on substrate to calculate the acoustic "#! reflection coefficient of our samples. The knowledge of the reflection coefficient is mandatory to "$! investigate SAW propagation in thermal sprayed coatings with different thicknesses. "%! V(z) curves for different coating thicknesses have been measured and compared with curves based "&! on the established model. Treating 22-type Hastelloy coatings, deposited on a 304 steel substrate, as "'! functionally graded materials (FGM), we evaluated the coating thickness and the Young's modulus "(! gradation independently.
")!
We validated the evolution of the elasticity with depth within the thick coating by means of an "*! iterative, destructive, test. The observed agreement between the results from the FGM model and the #+! multilayered model suggests that we can measure the desired gradient in a completely non-destructive #"! way, which was our initial goal. ##! #$!
